Agrobacterium tumefaciens AgaE-like protein had a similar sequence to that of a fructosyl amino acid oxidase from Corynebacterium sp. strain 2-4-1. To characterize the AgaE-like protein, we produced the enzyme in Escherichia coli, and puriˆed it to homogeneity. The molecular mass of recombinant AgaE-like protein was 42 kDa on SDS-PAGE and 85 kDa on gelˆltration. The protein acted on N-fructosyl valine and N-fructosyl glycine as substrates, but not on glycated protein or N efructosyl lysine. Apparent K m for N-fructosyl valine and N-fructosyl glycine were 1.64 and 0.31 mM, respectively. The AgaE-like protein had maximum activity at pH 7.8 and 359 C in 0.1 M potassium phosphate, but more than 80% of its activity was lost at 409 C or more. In contrast to eukaryotic fructosyl amino acid oxidases, the AgaElike protein contained noncovalently bound FAD as a cofactor and was inactive against N e -fructosyl N a -Z(benzyloxycarbonyl)-lysine. These characteristics were similar to a fructosyl amino acid oxidase from Corynebacterium sp. strain 2-4-1, suggesting that these prokaryotic enzymes comprise a new family of fructosyl amino acid oxidases.
Reducing sugars such as glucose bind to the amino groups of proteins, forming SchiŠ bases, which undergo Amadori rearrangement to form a stable ketoamine product. 1) This nonenzymatic reaction is called glycation, in contrast to the enzymatic glycosylation of protein. Glycation occurs during diabetes and in the aging process.
2) Blood proteins such as hemoglobin and albumin are highly glycated in diabetic subjects with hyperglycemia. The amount of glycated proteins in the blood re‰ects the magnitude of the disease process because a transient increase in the glucose level does not cause glycation. Therefore, evaluation of the level of glycated proteins in the blood is useful for monitoring patients with diabetes mellitus during therapy. 3, 4) The development of new enzymatic methods for the measurement of glycated blood proteins is a subject of considerable interest. Hemoglobin A1C (HbA1C) is glycated at the N-terminal valine residue in the b-chain, 5) but albumin is glycated at the e-amino group of the lysine residues. 6) Therefore, N-fructosyl valine (Fru-Val) and N e -fructosyl lysine (eFruLys) are used as model compounds of glycated hemoglobin and albumin, respectively. Using such Amadori compounds as substrates, we and other researchers have searched extensively for enzymes that are speciˆc for fructosyl amino acids.
Fructosyl amino acid oxidases (FAOXs) have been found in eukaryotic organisms such as fungi and yeast. [7] [8] [9] The FAOXs from fungi catalyze the reaction N e -fructosyl N a -Z-lysine+O 2 +H 2 Oª N e -Z-lysine+glucosone+H2O2, where Z＝benzylox-ycarbonyl.
9) The primary structures of FAOXs from Aspergillus fumigatus,
10)
Aspergillus terreus,
11)
Penicillium janthinellum, 11) and Schizosaccharomyces pombe (EMBL accession number, CAA17815) are similar and have a conserved cysteine residue as the attachment site for FAD. 12) FAOXs are found in prokaryotes also, as in Corynebacterium sp. strain 2-4-1 13) and a Pseudomonas sp. strain from soil. 14) FAOX from Corynebacterium sp. strain 2-4-1 (FAOX-C) catalyzes the reaction Fru-Val+ O2+H2OªVal+glucosone+H2O2. 13) Recently, we reported the cloning and characterization of the FAOX-C gene (DDBJ AB073548). 15) With the exception of the N-terminal AMP-binding motif, GXGXXG, FAOX-C has no sequence similarity with the eukaryotic FAOXs reported to date; the enzyme is an unknown kind of fructosyl amine:oxygen oxidoreductase. Sequence alignment showed that the Agrobacterium tumefaciens AgaE-like protein (GenBank AAD41368) has 54z similarity with FAOX-C. The AgaE-like protein gene is in a 6175-bp region of the large cryptic plasmid pAtC58, 16) which is respon-sible for the use of mannopine in plant cells infected with A. tumefaciens. 17) AgaE-like protein has 22z sequence identity with AgaE, which was identiˆed as a Ti plasmid-encoded enzyme in A. tumefaciens (GenBank AAB88469). Transposon mutagenesis analysis showed that AgaE is needed for mannopic acid use after infection, and the enzyme has been proposed to catalyze the conversion of mannopic acid to mannose and glutamate. 18) Here, we describe expression of the AgaE-like protein gene in Escherichia coli and puriˆcation and characterization of the recombinant AgaE-like protein.
Materials and Methods
Materials. Q Sepharose FF was purchased from Amersham Pharmacia Biotech, Tokyo; Ultrogel AcA34 was from IBF Biotechnics, Garenne, France; TSKgel G3000SW XL was from Tosoh, Tokyo; Nethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline, sodium salt (TOOS) was from Dojindo Laboratories, Kumamoto, Japan; and horseradish peroxidase was from Wako Pure Chemical Industries, Osaka. Fructosyl amino acids were prepared as described previously.
13)
Assay of FAOX activity. FAOX activity was measured spectrophotometrically at 259 C with the peroxidase-coupled reaction, as described previously. 15) The standard reaction mixtures contained 0.1 M potassium phosphate, pH 8.0, 0.5 mM TOOS, 900 U W l peroxidase, 0.45 mM 4-aminoantipyrine, and 5.0 mM N-fructosyl glycine (Fru-Gly) in aˆnal volume of 3 ml. One unit of enzyme activity was deˆned as the amount of enzyme that produced 0.5 mmol of quinoneimine dye per minute at 259 C.
Cloning of AgaE-like protein gene. A pair of primers based on the nucleotide sequence of the AgaE-like protein gene in a data base (GenBank AAB88469) were synthesized. The sequences of the 5? and 3? primers were 5?-CCCATGACCGACAA-CACCATCTC-3? and 5?-CTTCGAATGAGTGTC-TTAGCTTG-3?, corresponding to the amino acid sequences of the N-and C-terminal regions of the AgaE-like protein, respectively. PCR was done in 50 ml of reaction mixtures containing 50 pmol of primers, 120 mM Tris-HCl, pH 8.0, 1.0 mM MgCl2, 10 mM KCl, 6 mM (NH4)2SO4, 0.1z Triton X-100, and 0.2 mM dNTP. Thirty cycles (989 C for 15 s, 659 C for 2 s, 749 C for 30 s) of PCR were done with 2.5 units of Toyobo KOD polymerase (Toyobo, Osaka). The ampliˆed fragment was puriˆed by agarose gel electrophoresis and inserted into the HincII site of pUC19. Sequence analysis of the inserted region was done by the dideoxy chain termination method. 19) Expression and puriˆcation of recombinant AgaElike protein. The plasmid carrying the AgaE-like protein gene was used to transform E. coli JM109 and the transformant was cultured in 6 l of Luria broth containing 50 mg W ml ampicillin for 24 h. Then the cells were harvested by centrifugation and the AgaElike protein was puriˆed from E. coli as follows. Cells were suspended in 250 ml of 50 mM potassium phosphate, pH 8.0, containing 1 mM EDTA and 5z glycerol (buŠer A) and disrupted with a French press (Ohtake Works, Tokyo). The homogenate was centrifuged at 10,000×g for 20 min to remove intact cells and cell debris. Ammonium sulfate was added to this supernatant to 50z saturation, stirred for 1 h, and centrifuged at 20,000×g for 10 min. The supernatant was removed and the resultant precipitate was dissolved in and dialyzed against 100 ml of buŠer A for 20 h with gentle stirring at 49 C. The dialyzed enzyme solution was put on a Q Sepharose FF column (2.5q×16 cm) equilibrated with buŠer A. The column was washed with the same buŠer. The absorbed protein was eluted with a linear NaCl gradient (0-0.8 M). The active fractions obtained in the last step were concentrated by ultraˆltration, and then put on an Ultrogel AcA34 column (2.8q×85 cm) equilibrated with buŠer A containing 0.1 M NaCl. Gelˆltration was done with the same buŠer.
Molecular mass estimation. The molecular mass of the puriˆed enzyme was measured by gelˆltration chromatography on a TSKgel G3000SWXL column (7.8 mmq×30 cm) equilibrated with 20 mM potassium phosphate, pH 8.0, containing 5z glycerol and 0.15 M NaCl. Glutamate dehydrogenase, lactate dehydrogenase, enolase, myokinase, and cytochrome c were used as molecular standards.
Identiˆcation of ‰avin compound. A ‰avin compound was isolated from the enzyme by trichloroacetic acid precipitation. 13) Fluorescence (excited at 448 nm and measured at 526 nm) of the ‰avin compound was monitored at various buŠer pHs as described previously.

Results
Sequence alignment with FAOX from Corynebacterium sp. strain 2-4-1 A search for protein sequence similarity using FASTA and BLAST programs showed that A. tumefaciens AgaE-like protein (GenBank AAD41368) was similar to FAOX-C. The coding sequence seemed to be 1125 base pairs long, encoding a product of 375 amino acids (Fig. 1) . Recently, the genome structures of A. tumefaciens and Masorhizobium loti were analyzed. A putative reductase from A. tumefaciens (GenBank AAK08613) 20) and a hypothetical protein from M. loti (DDBJ The amino acid sequence of the putative reductase deduced from the database sequence was composed of 299 amino acid residues. The primary structure presumed from the sequence of the open reading frame was similar to the AgaE-like protein. The deduced amino acid sequence also is shown (putative reductase, 300-383). Gaps (indicated by dashes) were appropriately introduced for optimal alignment. Amino acid residues conserved in at least three of theˆve sequences are shaded. The residues of the AMP-binding motif are marked by dots. FAOX-C, FAOX from Corynebacterium sp. strain 2-4-1; 19) AgaE-like protein, AgaE-like protein from A. tumefaciens (GenBank accession number, AAD41368); Puta. reductase, putative reductase from A. tumefaciens (AAK08613); Hypo. protein, hypothetical protein from Mesorhizobium loti (BAB51816); and AgaE, AgaE from A. tumefaciens (AAB88469). 21) were also similar to the AgaE-like protein. The amino acid sequence similarity of these enzymes to the AgaE-like protein was 54z (FAOX-C), 57z (putative reductase from A. tumefaciens), and 30z (hypothetical protein from M. loti ), respectively.
Expression and puriˆcation of A. tumefaciens AgaE-like protein
The AgaE-like protein gene was cloned into pUC19 with a pair of primers designed on the basis of the sequence of the AgaE-like protein gene, giving pAgaEHo. The plasmid carrying the AgaE-like protein gene was used to transform E. coli JM109. The cells were disrupted and the extract was assayed for FAOX activity with Fru-Gly as the substrate. E. coli JM109[pAgaEHo] had FAOX activity and E. coli JM109[pUC19] did not, implying that the AgaE-like protein was expressed in an active form in E. coli. The FAOX activity in the cell extract of E. coli JM109[pAgaEHo] was 0.043 unit W mg, which more than 100-fold higher than the activity in the original host, A. tumefaciens C58 (0.00040 unit W mg). The FAOX from E. coli JM109[pAgaEHo] was puriˆed 26-fold from the cell extract (Table 1 ). The puriˆed preparation gave a single band on SDS-PAGE, suggesting homogeneity of the protein. The puriˆed AgaE-like protein had a speciˆc activity of 1.1 unit W mg of protein.
Molecular mass
TSKgel G3000SWXL gelˆltration showed that the molecular mass of the AgaE-like protein was 85 kDa. The molecular mass of the enzyme subunit was estimated to be 42 kDa on SDS-PAGE. These results suggested that the enzyme was composed of two identical subunits.
Substrate speciˆcity
The substrate speciˆcity of the AgaE-like protein is shown in Table 2 
EŠects of temperature and pH on FAOX activity and stability
The optimum temperature and pH for the enzyme activity were 359 C and 7.8, respectively (Figs. 2(A),  2(B) ). Incubation at 509 C for 10 min resulted in complete inactivation of the enzyme (Fig. 2(C) ). Enzyme activity was greatly reduced at pH values below 4 and above 9 (Fig. 2(D) ).
Coenzyme
The adsorption spectrum of AgaE-like protein had two maxima at 378 and 443 nm, a characteristic of ‰avoproteins. When the enzyme was incubated with a substrate, Fru-Gly, the absorption maximum at 443 nm disappeared, indicating that ‰avin was involved in the enzyme reaction (Fig. 3) . Flavin was liberated from the AgaE-like protein with trichloroacetic acid precipitation and was released from the enzyme on SDS-PAGE. These results suggested that the AgaE-like protein contained noncovalently bound ‰avin as a cofactor. To identify the ‰avin compound, a pH-‰uorescence curve was measured (excitation at 448 nm and measurement at 526 nm).
13) The ‰uores-cence intensity of the ‰avin was decreased when the buŠer pH was increased from pH 3 to 7 (data not shown). This proˆle is characteristic of FAD rather than FMN, so the ‰avin compound was FAD, which is similar to the proˆle of FAOX-C.
Discussion
In this study, we produced the AgaE-like protein in E. coli and puriˆed it to homogeneity. This enzyme was 54z identical in sequence to that of FAOX-C, which we characterized previously. 15) Table 3 summarizes the properties of AgaE-like protein (this study), FAOX-C, 13) and fungal FAOX-A.
11) The AgaE-like protein and FAOX-C had similar properties: molecular weight, coenzyme, and substrate speciˆcities. However, fungal FAOX-A had diŠerent properties. The enzyme contained covalently bound FAD and was active against N e -fructosyl N a -Z-lysine. These properties have been observed in other eukaryotic FAOXs also. 8, 9, 12) Amino acid sequence similarities between the AgaE-like protein and eukaryotic FAOXs were low except in the N-terminal AMPbinding motif, GXGXXG. Moreover, bacterial sarcosine oxidases have sequence similarities with eukaryotic FAOXs, 11, 12) but not with FAOX-C or the AgaE-like protein. These results suggested that FAOX-C and the AgaE-like protein comprise a new family of FAOXs.
The speciˆc activity of the recombinant AgaE-like protein for Fru-Gly was 1.1 unit W mg ( Table 1) . The activity for Fru-Gly was not high compared with that of FAOX-C (5.4 unit W mg). 15) We found that the AgaE-like protein acted on Fru-Val and Fru-Gly, but the main substrate for this protein in Agrobacterium cells is unclear. Genetic studies suggested that an Agrobacterium sp. has at least two pathways for the use of mannopine, one encoded by the Ti plasmid (moc region) and the other encoded by pAtC58. 17) Kim et al. showed that pAtC58 encodes functions that suppress the defect in all moc genes except mocC, the product of which oxidizes mannopine to santhopine (deoxyfructosyl glutamine). 17, 22) These results, together with ours, suggest that the original substrate for pAtC58-encoded AgaE-like protein is santhopine, an Amadori compound in which an aldose sugar is coupled with an amino acid (Fig. 4) .
The biological function of FAOX-C is not well known, but its similarity to opine-using enzymes of Agrobacterium species suggests a functional relationship between the enzymes. During infection, Agrobacterium species transfer a fragment of oncogenic DNA to the nuclei of plant cells, and then infected plant cells produce an array of opines. Octo- pine, lysopine, histopine, and octopinic acid are synthesized by reductive condensation between pyruvate and either arginine, lysine, histidine, or ornithine, respectively. Mannopine and mannopic acid are synthesized by the condensation of mannose and either glutamine or glutamic acid, respectively. It is not clear why so many opines are produced, except that octopine-type opines are rich sources of nitrogen and mannityl opines are rich sources of carbon. As the AgaE-like protein is responsible for using mannopine, one possible function of FAOX-C might be to use fructosyl amino acids as sources of carbon or nitrogen. This hypothesis was supported by the observation that the FAOX-C was induced only in cells grown in cultures with Fru-Gly as the sole carbon and nitrogen source. 13) In addition, the AgaE-like protein in A. tumefaciens was expressed when Fru-Gly was added to the culture medium (data not shown).
From a practical viewpoint, FAOXs could be useful in diagnosis, for measuring the extent of glycation in samples containing amino acids or proteins. The AgaE-like protein was active against Fru-Val and inactive against eFru-Lys, so this enzyme could be used in the measurement of HbA1C, the N-terminal valine residue of the b-subunit of which is glycated. The enzyme acted selectively on Fru-Val (and not on eFruLys) in blood proteins treated with proteases, and the generation of reaction seemed to be related to the amount of HbA1C.
